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gerousness	 of	 predators.	Analogously,	 prey	may	 also	 change	 the	 composition	 and	
quantity	of	defensive	chemicals	when	they	coexist	with	different	predators,	but	such	
predator-induced	plasticity	 in	chemical	defenses	 remains	elusive	 in	vertebrates.	 In	
this	study,	we	investigated	whether	tadpoles	of	the	common	toad	(Bufo bufo)	adjust	
their	chemical	defenses	to	predation	risk	in	general	and	specifically	to	the	presence	





olide	 synthesis.	 Fishes	 and	newts	 consumed	only	 a	 small	 percentage	of	 toad	 tad-
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1  | INTRODUC TION
The	 ability	 of	 a	 genotype	 to	 produce	 different	 phenotypes	 in	
response	 to	 varying	 environmental	 conditions	 is	 known	 as	 phe-





2003).	 Inducible	defenses	are	 special	 cases	of	plastic	 responses,	















&	 Sih,	 1998;	 McIntosh	 &	 Peckarsky,	 1999;	 Relyea,	 2003;	 Turner,	
Fetterolf,	&	Bernot,	 1999),	morphology	 (Benard,	 2006;	Hoverman	
&	Relyea,	2009;	Kishida	&	Nishimura,	2005;	Relyea,	2003)	and	life	
history	(Relyea,	2003).
Chemical	 defenses	 have	 been	 mostly	 neglected	 in	 regard	









2001;	 Thornton	 &	 Kerr,	 2002),	 and	 some	 vertebrates	 respond	
similarly	 to	 environmental	 stressors	 such	 as	 human	 disturbance	
(Bucciarelli,	Shaffer,	Green,	&	Kats,	2017),	contaminants	(Bókony,	
Mikó,	 Móricz,	 Krüzselyi,	 &	 Hettyey,	 2017),	 and	 conspecifics	
(Bókony,	Üveges,	Móricz,	&	Hettyey,	2018;	Üveges	et	al.,	2017).	
Whether	predators	induce	toxin	synthesis	in	vertebrate	prey	has	
remained	 controversial	 (Benard	 &	 Fordyce,	 2003;	 Bucciarelli	 et	
al.,	 2017;	Hagman,	Hayes,	 Capon,	 &	 Shine,	 2009;	Üveges	 et	 al.,	
2017).	 It	 is	 plausible,	 however,	 that	 similarly	 to	 other	 defensive	






before	whether	 and	how	predator-induced	plasticity	 in	 chemical	
defense	 of	 animals	 varies	with	 the	 type	 of	 predators	 present	 in	
their	environment.
Anuran	amphibians	are	 ideal	model	organisms	for	 the	study	of	
phenotypic	 plasticity	 (Miner	 et	 al.,	 2005).	 Changes	 in	 physiology,	




rely	 on	 noxious	 skin	 secretions	 for	 protection	 against	 predators	
(Gunzburger	&	Travis,	2005;	Savitzky	et	al.,	2012;	Toledo	&	Jared,	
1995).	 Toxins	 of	 toads	 are	 likely	 responsible	 for	 the	unpalatability	
of	 their	eggs,	hatchlings,	 and	 tadpoles	 to	a	wide	variety	of	preda-
tors	 (Denton	 &	 Beebee,	 1991;	 Henrikson,	 1990;	 Kruse	 &	 Stone,	
1984;	 Lawler	 &	 Hero,	 1997;	 Peterson	 &	 Blaustein,	 1991;	 Relyea,	
2001b;	Toledo	&	Jared,	1995).	Poisoning	by	toads	can	cause	severe	
symptoms,	 including	 nausea,	 vomiting,	 convulsions,	 hypertension,	
cardiac	 arrhythmia,	 or	 even	death	 (Chen	&	Huang,	 2013;	Kamboj,	
Rathour,	&	Mandeep,	2013;	Toledo	&	Jared,	1995).	One	of	the	main	
toxic	 compounds	 of	 toad	 skin	 secretion	 are	 cardiotoxic	 steroids	






et	al.,	2017)	and	are	present	 in	 their	 tissues	 from	a	very	early	age	
on	 (Bókony	et	 al.,	 2016,	2018;	Mebs	et	 al.,	 2007;	Ujszegi,	Móricz,	
Krüzselyi,	&	Hettyey,	2017;	Üveges	et	al.,	2017).
Only	a	handful	of	studies	tested	so	far	if	the	bufadienolide	syn-
thesis	 of	 toads	 is	 inducible	 by	 predation	 risk	 (Benard	 &	 Fordyce,	




parotoid	glands	with	changes	 in	 their	chemical	defense	 (Marion	et	
al.,	 2015).	 Furthermore,	 bufadienolide	 content	 of	 common	 toad	








in	 cane	 toads	 (Rhinella marina,	 formerly	 Bufo marinus;	 Hagman	 et	
al.,	2009).	However,	neither	study	demonstrated	predator-induced	
changes	 in	 chemical	 defense	 during	 the	 larval	 stage	 when	 tad-
poles	were	exposed	to	predator	cues.	Furthermore,	only	one	study	
(Benard	&	Fordyce,	2003)	investigated	whether	inducible	toxin	pro-
duction	 can	 enhance	 survival	 probability	 of	 toads	 when	 exposed	
to	 predators,	 but	 the	 effects	 observed	 in	 postmetamorphic	 toads	
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were	counterintuitive.	One	potential	reason	for	the	controversy	of	
these	previous	findings	may	be	that	each	experiment	applied	a	single	
type	of	predatory	cue,	 and	 some	predators	might	 induce	 stronger	
responses	than	others	(Hettyey,	Vincze,	Zsarnóczai,	Hoi,	&	Laurila,	
2011;	 Hettyey,	 Zsarnóczai,	 Vincze,	 Hoi,	 &	 Laurila,	 2010;	 Relyea,	
2001a,	2003).















bufadienolide	 compounds	 and/or	 larger	 total	 bufadienolide	 quan-
tity	 than	 their	 predator-naïve	 conspecifics.	Also,	we	 expected	 the	
strength	of	these	responses	to	vary	according	to	the	predator	spe-
cies	present.	 Tadpoles	 can	 assess	 the	dangerousness	of	 predators	













notypes	 would	 have	 elevated	 survival	 probabilities	 compared	 to	
predator-naïve	conspecifics	when	facing	free-ranging	predators.






ing	 to	 §	 8ff	 of	 Law	 for	 Animal	 Experiments,	 Tierversuchsgesetz—
TVG	(GZ	68.205/0164-II/3b/2013).
2.2 | Experimental procedures









the	 containers	 with	mosquito	 nets.	Mesocosms	were	 arranged	 in	
a	 full-factorial	 randomized	 block	 design	 in	 which	 each	 block	 cor-
responded	 to	one	 family	of	 toads	 (see	below).	 In	each	block,	each	
experimental	treatment	was	represented	once	(totaling	12	replicates	
for	each	treatment;	Figure	2).	Each	mesocosm	contained	a	cage	 in	
which	we	 introduced	 a	 predator	 (except	 in	 the	 control	 treatment)	
one	day	before	placing	 toad	eggs	 into	 the	mesocosms,	as	detailed	
below.	Two	further	mesocosms	per	block	containing	an	empty	cage	
(i.e.,	 no	predator)	 served	 for	 raising	 additional	 predator-naïve	 tad-
poles	for	the	predation	trials	(as	detailed	below;	Figure	2).
We	captured	12	amplexing	pairs	of	common	toads	at	Silbersee,	
Vienna,	 Austria	 (48°12′32.72″N,	 16°15′47.61″E)	 and	 transported	
them	to	the	site	of	the	experiment.	Furthermore,	we	also	collected	
freshly	laid	common	frog	(Rana temporaria)	eggs	from	a	small	pond	




deposition,	 we	 randomly	 assigned	 ca.	 120	 developing	 eggs	 from	
each	clutch	to	a	given	mesocosm	and	placed	them	into	a	plastic	dish	
equipped	with	 a	mesh	bottom	 floating	on	 the	water	 surface.	 This	
way,	 developing	 embryos	 were	 already	 in	 contact	 with	 chemical	
cues	present	in	the	mesocosms.	Captive	pairs	laid	their	eggs	within	
6	days,	but	developmental	differences	among	clutches	were	not	de-
tectable	 upon	 hatching	 (pers.	 obs.).	 Three	weeks	 after	 egg	 laying,	
F I G U R E  1  Amplexing	pair	of	adult	common	toads	(Bufo bufo).	
©Bálint	Üveges
6290  |     ÜVEGES Et al.
when	 tadpoles	 reached	 the	 free-swimming	 state	 (developmental	






poles	 diversely	 palatable,	 we	 collected	late-instar	 larvae	 of	 the	
southern	hawker	 (Aeshna cyanea,	 hereafter	dragonfly),	 adult	 back-
swimmers	(Notonecta	sp.),	and	adult	male	smooth	newts	(Lissotriton 
vulgaris)	from	private	ponds	in	Austria,	and	acquired	juvenile	three-
spined	 sticklebacks	 (Gasterosteus aculeatus)	 from	 a	 breeder.	 We	
obtained	 all	 predators	 before	 the	 start	 of	 the	 breeding	 season	 of	
common	toads.	Predators	were	housed	in	horizontally	oriented,	par-
tially	 submerged	 cages,	 one	 cage	 per	mesocosm,	made	 from	PVC	
tubes	 (21	×	11	cm,	 length	×	diameter),	 both	 ends	 covered	 with	 a	
double	layer	of	mosquito	netting.	We	fed	each	predator	three	times	
a	week	with	one	common	toad	and	one	common	frog	tadpole.	The	
use	of	both	 toad	and	common	 frog	 tadpoles	as	prey	 items	closely	
models	a	natural	scenario,	because	these	species	often	co-occur	in	
ponds	in	the	study	area	(pers.	obs.).	Moreover,	tadpoles	are	able	to	
differentiate	 between	 predation	 cues	 from	 feeding	 on	 conspecif-
ics	or	heterospecifics	 (Hettyey	et	al.,	2015).	Therefore,	by	 feeding	
predators	both	prey	species,	the	focal	tadpoles	could	have	received	
information	 about	 how	 dangerous	 the	 predator	 is	 to	 tadpoles	 in	
general,	and	also	on	 its	willingness	to	feed	on	toad	tadpoles.	Both	




an	 increase	 in	bufadienolide	 levels.	 In	the	former	case,	an	upregu-
















during	 the	whole	 study:	20	out	of	20	 (100%)	dragonfly	 larvae,	14	
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out	of	17	(82.35%)	sticklebacks,	and	39	out	of	40	(97.5%)	newts	sur-
vived.	However,	out	of	64	backswimmers	only	14	(21.88%)	survived	
(varying	 total	numbers	arise	 from	replacements	of	 fasting	or	dead	
individuals).
To	assess	chemical	defenses	of	toad	tadpoles,	we	collected	sam-
ples	on	 two	occasions	by	preserving	 tadpoles	 in	70%	HPLC	grade	
methanol	(Figure	 2).	 First,	we	 haphazardly	 selected	 one	 individual	
from	each	mesocosm	thirteen	or	fourteen	days	after	start	of	the	ex-
periment	(developmental	stage	29,	N	=	60;	sampling	lasted	for	two	







havior,	body	mass,	morphology,	 length	of	 larval	development,	 and	
survival	(for	detailed	methodology	and	results	see	Appendix	S1).	We	
investigated	 these	 variables	 to	analyze	whether	 predator	 cues	 in-
duced	any	phenotypic	change	other	than	chemical	defense,	because	
such	changes	might	have	influenced	the	outcome	of	the	predation	





The	 aim	 of	 this	 experiment	 was	 to	 test	 whether	 the	 presence	
of	 predatory	 cues	 during	 the	 rearing	 stage	 increased	 survival	 of	
common	 toad	 tadpoles	 when	 facing	 free-swimming	 predators.	
Therefore,	 we	 housed	 additional	 24	 specimens	 of	 each	 predator	
species	separately	during	the	study.	We	kept	dragonfly	 larvae	and	
backswimmers	 individually	 in	 1	L	 (container	 size:	 18	×	13	×	12	cm)	
and	 3	L	 (29	×	19	×	14	cm)	 aged	 tap	 water,	 respectively,	 whereas	
sticklebacks	 and	 newts	 in	 groups	 of	 12	 in	 40	 and	 20	L	 aged	 tap	











To	 set	 up	 predation-trial	 venues,	 on	 day	 two	 of	 the	 main	 ex-



















the	predator	 individuals	used	 in	 these	 trials	were	not	 the	same	as	
the	 individuals	used	 in	the	rearing	tubs.	Predators	were	fasted	for	
2	days	before	the	trial.	Given	that	the	four	species	of	predators	dif-
fer	 in	 voraciousness	 (Table	 1),	we	 determined	 the	 duration	 of	 the	
trials	separately	for	each	species	(dragonfly	larvae:	30	hr,	backswim-




TA B L E  1  Percentage	of	tadpoles	consumed	by	predators	over	the	feeding	sessions	in	the	cages	suspended	in	the	mesocosms	during	the	
rearing	period	of	the	experiment
Predator species % Toad larvae % Frog larvae Estimate SE t p
Dragonfly	larvae 91.18 ± 2.41 93.71 ± 2.39 0.364 0.349 1.043 0.308
(80.77–100) (84.62–100)
Backswimmer 73.66 ± 3.05 89.94 ± 3.18 1.166 0.253 4.607 <0.001
(62.96–88) (74.07–100)
Stickleback 32.51 ± 6.33 94.5 ± 2.83 3.602 0.457 7.889 <0.001
(10.34–60.71) (80.77–100)








We	 introduced	 frog	 tadpoles	 into	 the	 predation-trial	 tubs	
because	 our	 aim	was	 to	 test	 the	 utility	 of	 chemical	 defense	 in	 an	




&	Moroz,	 2000;	Hileman,	 Brodie,	 &	 Formanowicz,	 1994;	 Kruse	&	
Stone,	 1984;	 Sandre,	 Stevens,	 &	Mappes,	 2010).	 Therefore,	 with-
out	the	presence	of	alternative	food	source,	 that	 is,	 frog	tadpoles,	
predators	may	 have	 had	 consumed	 highly	 defended	 toads	 (reared	
with	predatory	cues)	and	poorly	defended	ones	(controls)	at	similar	





below).	 This	 was	 necessary	 because	 each	 predator	 received	 toad	












2.4 | Chemical and statistical analyses
Preparation	 of	 samples	 and	 analysis	 of	 bufadienolide	 content	 of	
toads	 was	 carried	 out	 using	 high-performance	 liquid	 chromatog-
raphy	 with	 diode-array	 detection	 and	 mass	 spectrometry	 (HPLC-
DAD-MS)	according	to	an	already	published	protocol	(Üveges	et	al.,	
2017).	Toxin	content	of	tadpoles	was	assessed	using	three	variables:	
number	 of	 bufadienolide	 compounds	 (NBC),	 total	 bufadienolide	




















case	of	mcTBQ,	 the	 initial	model	 included	only	 treatment	and	age	




full	 and	 simplified	models	were	 qualitatively	 identical,	we	 present	
statistics	obtained	from	full	models.	We	ran	all	analyses	 in	R	3.4.0	
(R	Development	Core	Team,	2017)	using	 the	 “lme”	 function	 in	 the	
“nlme”	 package	 (Pinheiro,	 Bates,	 DebRoy,	 Sarkar,	 &	 R	Core	 Team,	
2017).	p‐values	were	calculated	with	the	“ANOVA”	function	 in	the	
“car”	package	(Fox	&	Weisberg,	2011),	using	type-2	sums	of	squares	
as	 suggested	 by	 Langsrud	 (2003)	 and	Hector,	 Felten,	 and	 Schmid	
(2010)	 for	models	with	 interactions.	 Two	 samples	were	 discarded	
from	 these	analyses,	 because	 their	dry	mass	was	measured	 incor-
rectly	(see	Appendix	S2).	Additionally,	we	described	the	within-indi-
vidual	diversity	of	bufadienolide	compounds	by	applying	hierarchical	
diversity	 partitioning	using	 the	 “hierDiversity”	 package	 (Marion	 et	
al.,	2015);	for	further	information	on	this	approach,	see	Appendix	S1.
We	 analyzed	 survival	 of	 toad	 tadpoles	 in	 the	 predation	 trials	





in	 GEE)	 and	 not	 within	 random	 factor	 levels	 (Zuur,	 Ieno,	Walker,	
Saveliev,	&	Smith,	2009).	As	the	dependent	variable,	we	entered	the	
proportion	of	toad	tadpoles	surviving	out	of	all	toad	tadpoles	in	the	






the	R	 package	 “geepack”	 (Venables	&	Ripley,	 2002)	with	 binomial	
error	distribution.	We	performed	model	simplification	as	described	








one	 stickleback	 did	 not	 consume	 any	 tadpoles	 (neither	 toads	 nor	
frogs,	see	Appendix	S2).	Consequently,	we	could	analyze	survival	in	








all	 presented	 tadpoles	 as	 the	dependent	variable	 and	species	of	
tadpoles	(toad	or	frog)	as	a	fixed	factor.	We	ran	the	analyses	using	
the	 “glm”	 function	 in	 the	 “stats”	 package	 (R	 Development	 Core	
Team,	 2017),	 and	we	 used	 the	 “summary”	 function	 to	 calculate	
p-values.
3  | RESULTS
3.1 | Antipredator responses of toad tadpoles
During	 the	 rearing	 stage	 of	 the	 experiment,	 dragonfly	 larvae	
emerged	 as	 the	 most	 voracious	 predator	 of	 toad	 tadpoles,	 fol-
lowed	 by	 backswimmers,	 sticklebacks,	 and	 newts,	 in	 this	 order	










expected	 from	 the	 allometric	 relationship	 between	 dry	 mass	 and	
NBC	of	control	tadpoles	(Table	S1,	Figure	S2).	The	other	three	pred-
ator	species	had	no	significant	effect	on	NBC	(Table	S1,	Figure	3).	
Furthermore,	compared	 to	 individuals	 that	 started	metamorphosis	
TA B L E  2  Effects	of	age,	dry	mass,	predator	treatment,	and	their	
interactions	on	bufadienolide	toxin	content	of	common	toad	
tadpoles
 χ2 df p
Number	of	bufadienolide	compounds	(NBC)
Age 481.847 1 <0.001
Dry	mass 7.643 1 0.006
Treatment 2.055 4 0.726
Age	×	dry	mass 2.014 1 0.156
Age	×	treatment 3.276 4 0.513





Age 10.341 1 0.001
Dry	mass 2.139 1 0.144
Treatment 1.013 4 0.908
Age	×	dry	mass 1.233 1 0.267
Age	×	treatment 0.778 4 0.941





Age 62.605 1 <0.001
Treatment 1.743 4 0.783
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presence	 of	 four	 different	 predator	 species	 by	 upregulating	 their	
bufadienolide	synthesis.	This	finding	agrees	with	results	of	earlier	
studies,	which	 found	no	plastic	 changes	 in	 bufadienolide	 content	
of	 tadpoles	 of	 various	 toad	 species	 in	 response	 to	 predator	 cues	
(Benard	&	Fordyce,	2003;	Üveges	et	al.,	2017).	However,	when	toad	
tadpoles	were	 raised	with	 predator	 cues,	 differences	 in	 chemical	
defenses	 between	 control	 and	 predator-exposed	 individuals	 be-





Putting	 these	 findings	 together,	 it	may	 be	 possible	 that	 tadpoles	
are	 unable	 to	 fine-tune	 their	 toxin	 content,	 with	 the	 necessary	
regulatory	mechanisms	developing	only	at	or	after	metamorphosis.	
However,	previous	results	reject	this	explanation	by	demonstrating	
plastic	 adjustment	of	 larval	 bufadienolide	production	 in	 response	
to	a	variety	of	environmental	factors,	such	as	restricted	food	levels	
(Üveges	 et	 al.,	 2017),	 a	herbicide	 (Bókony	 et	 al.,	 2017),	 and	 com-
petitors	(Bókony	et	al.,	2018).	Thus,	it	seems	that	toad	tadpoles	are	
TA B L E  3  Effects	of	treatment,	predator	size,	and	the	number	of	
common	frog	tadpoles	eaten	on	survival	of	toad	tadpoles	in	the	
predation	trials
 N Estimate SE Wald χ2 p
Dragonflies




 −0.069 0.141 0.240 0.620
Predator	size  −0.083 0.067 1.530 0.220
Treatment  1.125 0.256 19.330 <0.001
Backswimmers




 0.363 0.397 0.835 0.361
Predator	
size*
 0.335 0.191 3.065 0.080
Treatment  0.725 0.629 1.331 0.249
Sticklebacks




 0.195 0.267 0.540 0.460
Predator	size  −0.119 0.115 1.070 0.300





















































is	 that	 such	 plasticity	 may	 not	 always	 be	 adaptive.	 For	 example,	
when	predation	risk	is	permanent,	any	individual	that	fails	to	defend	
itself	has	little	chance	to	survive.	In	such	an	environment,	a	plastic	
response	may	evolve	 into	a	 constitutive	defensive	 strategy,	which	
is	constantly	expressed	no	matter	the	actual	predator	assemblage.	
Such	fixation	of	an	originally	plastic	trait	is	possible	through	genetic	
assimilation	 (Crispo,	 2007;	 Pfennig	 et	 al.,	 2010;	 West-Eberhard,	
2003)	 in	environments	where	a	 relevant	 inducing	biotic	or	 abiotic	







levels	 irrespective	 of	 the	 actual	 cues	 on	 predation	 risk.	 The	 same	
idea	might	 explain	 the	 lack	 of	 predator-induced	plasticity	 in	 bufa-
dienolide	content	in	our	previous	experiment	(Üveges	et	al.,	2017).
Another	 environmental	 factor	 which	 may	 explain	 the	 lack	 of	
plastic	 antipredator	 responses	 in	 toxin	production	 is	 the	presence	





















any	 significant	 phenotypic	 responses	 induced	 by	 the	 presence	 of	
caged	dragonflies	during	 tadpole	development	 (see	 also	Appendix	
S1),	we	speculate	 that	 this	 treatment	affected	some	unstudied	as-
pect	 of	 behavior,	morphology,	 physiology,	 or	 chemical	 defense	 of	
tadpoles	 (e.g.,	 enhanced	 schooling	 behavior	 or	 elevated	 synthesis	
of	 nonbufadienolide	 defensive	 chemicals)	 that	 provided	 an	 effec-
tive	defense	against	this	predator.	We	did	not	observe	differences	












might	 have	 avoided	 toad	 tadpoles	 for	 reasons	other	 than	 toxicity,	




that	 the	“baseline”	 toxin	 levels	 in	 the	studied	toad	population	 (i.e.,	
those	expressed	even	in	the	absence	of	predators)	are	high	enough	
to	provide	effective	defense	against	newts	and	fishes.	As	mentioned	
above,	 this	 high	 baseline	 and	 the	 lack	 of	 plasticity	may	 be	 due	 to	
permanent	fish	presence	and/or	high	tadpole	density	in	the	natural	
habitat	of	this	population.
We	 found	 that	 dragonflies	 consumed	 the	most	 toad	 tadpoles,	
followed	 by	 backswimmers,	 sticklebacks,	 and	 newts	 in	 this	 order	
(Table	1,	Figure	3).	There	was	a	marked	difference	between	the	ef-
fectiveness	of	 invertebrates	versus	vertebrates,	since	during	feed-






vertebrates	 (Gunzburger	 &	 Travis,	 2005).	 This	 difference	 may,	 at	
least	 partly,	 be	due	 to	disparate	 sensitivity	 to	 the	 toxic	 effects	 of	
bufadienolides.	 Indeed,	 some	 species	 find	 bufadienolide-contain-
ing	 prey	 unpalatable	 (Denton	 &	 Beebee,	 1991;	 Henrikson,	 1990;	
Kruse	&	Stone,	1984;	Lawler	&	Hero,	1997;	Peterson	&	Blaustein,	
1991;	 Relyea,	 2001b;	 Toledo	 &	 Jared,	 1995),	 while	 others	 appear	












bufadienolides,	 such	 as	 smooth	 newts	 and	 sticklebacks,	 likely	 be-
come	 fully	 exposed	 to	 the	 toxic	 effects	 of	 tadpoles’	 chemical	 de-
fenses	upon	ingestion.
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We	are	highly	confident	that	the	lack	of	significant	treatment	
effects	in	our	experiment	is	not	due	to	methodological	shortcom-
ings.	 A	 large	 number	 of	 studies	 using	 very	 similar	methodology	
produced	 reliable	 results	 on	 inducible	 defenses	 in	 larval	 anuran	
amphibians	 (e.g.	 Van	 Buskirk,	 2009;	 Hettyey	 et	 al.,	 2011,	 for	 a	
review	 see	 Wells,	 2007).	 Also,	 previous	 studies	 exposing	 toad	
tadpoles	 specifically	 to	 very	 similar	 conditions,	 reported	 plastic	






oretical	 expectations.	 First,	 we	 found	 that	 the	 largest	 tadpoles	
raised	 in	 the	presence	of	 fish	 cues	produced	a	 lower	number	of	
bufadienolides	 at	 metamorphosis	 than	 expected.	 It	 is	 possible	
that	such	tadpoles	maximized	growth	at	the	expense	of	bufadien-
olide	synthesis	 to	 reach	a	size	 refuge	against	 sticklebacks	 (Eklöv	
&	 Werner,	 2000;	 Richards	 &	 Bull,	 1990;	 Semlitsch	 &	 Gibbons,	




trol	 animals	 (Figure	 S3),	which	 suggests	 that	 tadpoles	 perceived	
fish	 cues	 and	 reacted	by	 enhancing	 allocation	 into	development	
presumably	 to	 leave	 the	 dangerous	 waters	 as	 soon	 as	 possible	











Taken	 together,	we	did	not	 find	 signs	of	 inducible	 antipreda-
tor	responses	in	the	chemical	defenses	of	common	toad	tadpoles.	
The	observed	level	of	chemical	defense	apparently	provides	pro-







of	 factors,	 including	 the	 evolutionary	 past	 of	 predator–prey	 co-
existence,	 the	 predators’	 susceptibility	 to	 toxins,	 and	 prey's	 ex-
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